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Synthetic chemical elicitors, so called plant strengtheners, can
protect plants from pests and pathogens. Most plant strengtheners
act by modifying defense signaling pathways, and little is known
about other mechanisms by which they may increase plant resis-
tance. Moreover, whether plant strengtheners that enhance insect
resistance actually enhance crop yields is often unclear. Here, we
uncover how a mechanism by which 4-fluorophenoxyacetic acid (4-
FPA) protects cereals from piercing-sucking insects and thereby in-
creases rice yield in the field. Four-FPA does not stimulate hormonal
signaling, but modulates the production of peroxidases, H,0,, and
flavonoids and directly triggers the formation of flavonoid poly-
mers. The increased deposition of phenolic polymers in rice paren-
chyma cells of 4-FPA-treated plants is associated with a decreased
capacity of the white-backed planthopper (WBPH) Sogatella furci-
fera to reach the plant phloem. We demonstrate that application of
4-PFA in the field enhances rice yield by reducing the abundance of,
and damage caused by, insect pests. We demonstrate that 4-FPA
also increases the resistance of other major cereals such as wheat
and barley to piercing-sucking insect pests. This study unravels a
mode of action by which plant strengtheners can suppress herbi-
vores and increase crop yield. We postulate that this represents a
conserved defense mechanism of plants against piercing-sucking
insect pests, at least in cereals.
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lants respond to herbivore attack through the production of

specific defense responses via the recognition of damage- and
herbivore-associated molecular patterns (1-4). These induced
defense responses are regulated by multiple signaling pathways,
including those mediated by jasmonic acid (JA), salicylic acid
(SA), ethylene (ET), and H,O,. In addition, plant growth-
related phytohormones, such as gibberellins, brassinosteroids,
auxins, and cytokinins are also involved in defense responses
against herbivores (1, 5, 6). Cross-talk between these signaling
pathways causes large changes in the transcriptomes, proteomes,
and metabolomes, which often reduces plant growth, but en-
hances resistance to herbivores by reducing herbivore feeding
and attracting herbivore natural enemies (1-7).

Insect pests cause considerable costs and yield losses globally.
Currently synthetic insecticides are used extensively to control
these insect pests but often with undesirable effects on both the
environment and nontarget organisms, including humans them-
selves. Therefore, alternative environment-friendly measures for
insect pest management are urgently required. Boosting plant
immunity through the application of chemical elicitors that in-
duce plant defenses but themselves have no harmful effects on
herbivores provides an attractive, and potentially viable, ap-
proach (8, 9). To date, many chemical elicitors that enhance the
resistance of plants to pathogens have been identified and
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several, such as benzo (1-3) thiadiazole-7-carbothioic acid
S-methyl ester (BTH), acibenzolar-S-methyl and B-aminobutyric
acid, are in commercial use (9, 10). Similarly, chemical elicitors
that enhance the resistance of plants to insect herbivores have
been characterized, including synthetic jasmonates and jasmo-
nate homologs, auxin homologs such as 2,4-dichlorophenoxy-
acetic acid (2,4-D), silicon, selenium, BTH, laminarin, and plant
volatiles such as green leaf volatiles and indole (7, 8, 11-14). A
few of these chemical elicitors, such as JA and cis-jasmone, have
also been reported to reduce herbivore damage in the field
(15-17). Most of the tested elicitors of insect resistance act by
boosting the canonical defense signaling pathways (8-11, 13-17).
A drawback of the activation of these pathways is that they can
reduce plant growth through hormonal cross-talk and, in some
cases, enhance the susceptibility of plants to nontarget insects (5,
18, 19). Furthermore, none of these elicitors provide complete
protection against herbivores, and many of them, such as the
jasmonates, are expensive to produce. These factors may explain
why yield benefits of chemical elicitors targeting insect pests have
rarely been demonstrated, and why none of them have been
commercialized so far.

Significance

The exploitation of induced plant defenses for pest control is a
promising strategy to reduce the use of pesticides in agricul-
ture. We describe how a newly identified plant strengthener,
4-fluorophenoxyacetic acid (4-FPA), enhances the resistance of
rice and other major cereals to sap-sucking insects by triggering
the formation of flavonoid polymers in plant cells. We dem-
onstrate that the application of 4-FPA suppresses the pop-
ulation densities of the white-backed planthopper and thereby
increases rice yield in the field. This study reveals a mechanism
by which plants resist piercing and sucking herbivores and
opens avenues for the design of a sustainable generation of
plant strengtheners to control insect pests in agriculture.
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Rice, one of the most important staple crops worldwide, suf-
fers from many insect pests, including rice planthoppers such as
brown planthopper (BPH) Nilaparvata lugens (Stél), white-
backed planthopper (WBPH) Sogatella furcifera (Horvath), and
small brown planthopper (SBPH) Laodelphax striatellus (Fallén)
(20). Rice planthoppers can damage plants directly by feeding on
phloem sap and ovipositing in plant tissues; heavy infestation can
cause the complete drying and wilting of plants known as
“hopperburn.” These three planthoppers can also cause plant
damage indirectly by transmitting viral diseases. These three
planthopper species cause yield reductions of up to 40% if not
controlled (21). Previous studies have revealed that rice plants
can recognize signals derived from herbivores and then activate
corresponding signaling pathways mediated by signaling mole-
cules such as JA, JA-Ile, SA, H,O,, and ET; these pathways, in
turn, lead to the production of specific defense responses, in-
cluding the release of herbivore-induced volatiles and the accu-
mulation of trypsin proteinase inhibitors (TPIs) (13, 22, 23). JA-
and ET-mediated pathways have been reported to positively
regulate the resistance of rice to chewing insects such as the
striped stem borer Chilo suppressalis and the leaf folder Cna-
phalocrocis medinalis, but negatively regulate resistance to
piercing and sucking insects such as BPH (22, 23). In contrast,
the H,O,-mediated pathway positively modulates the resistance
of rice to BPH (24). We have recently identified five candidate
chemical elicitors from a collection of 29 diversity-oriented
molecules using a specific high-throughput screening system
for chemical elicitors (25). One of these candidate chemical
elicitors is 4-fluorophenoxyacetic acid (4-FPA), a chemical ana-
log of the herbicide 2,4-D, which can induce rice plants to repel
WBPH nymph feeding (25).

In this study we elucidate the mechanisms underlying
4-FPA-induced rice defense responses against piercing and sucking
insect pests, by combining molecular biology and chemistry, and
laboratory and field trials. We demonstrate that 4-FPA does not
induce canonical insect resistance pathways, but directly triggers the
formation of flavonoid polymers in parenchyma cells of cereals.
This effect is associated with enhanced resistance to planthoppers
and increased rice yield in planthopper-infested fields. This plant
strengthener therefore represents a potentially viable class of de-
fense enhancers to control devastating rice pests and improve rice
production while avoiding negative effects of hormonal reprog-
ramming. Moreover, our findings open pathways for the design of
plant strengtheners, which effectively exploit endogenous defense
mechanisms for the control of insect pests, thus benefitting crop
production.

Results

Treatment with 4-FPA Reduces Performance of WBPH. A chemical
screen indicated that 4-FPA may increase WBPH resistance in
rice (25). To explore the potential of 4-FPA as a chemical elicitor
of insect resistance, we conducted a series of experiments using
hydroponically grown 39- to 40-d-old rice plants; the 4-FPA was
applied either by spraying at a range of concentrations (5 to
100 mg L™ 4-FPA) or delivered at concentrations ranging from
0.5 to 5 mg L™ via the nutrient solution. Exogenous application
of 4-FPA to rice plants reduced the survival rate of WBPH
nymphs in a dose-dependent manner, irrespective of the method
of application. At all concentrations tested, nymph survival on
4-FPA plants was significantly reduced compared to their re-
spective controls, with the greatest increase in mortality rates
occurring 3 to 4 d post 4-FPA treatment (Fig. 1 A and B).
Moreover, nymph mortality was greatest when the roots were
treated with 4-FPA (4-FPA-R) as opposed to foliar spraying
(4-FPA-S). We found no evidence of contact or ingested toxicity
of 4-FPA on WBPH nymphs (SI Appendix, Fig. S1), suggesting
that the observed effects of 4-FPA on the survival rate is due to
changes in rice physiology rather than the chemical per se.
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Exogenous application of 4-FPA also inhibited root growth of
rice (Fig. 1C). Ten days after growing in nutrient solution con-
taining 4-FPA, plants showed significantly lower root mass
compared to control plants, with the effects being dose de-
pendent (0.5 to 5 mg L™) (Fig. 1D). However, the length of the
roots only decreased when plants were grown in nutrient solution
containing the highest level of 4-FPA (Fig. 1E), and although
statistically significant the difference was small. In contrast, none
of the concentrations of 4-FPA tested had any significant effects
on the mass of the vegetative tissues (above-ground parts) or on
plant height (SI Appendix, Fig. S2).

Four-FPA Is Converted into 4-Fluorophenol in Plants. To understand
the mechanism underlying 4-FPA-mediated resistance of rice to
WBPH nymphs, we first investigated the metabolism of 4-FPA in
plants after plant roots were exposed to 4-FPA. Four-FPA was
absorbed by the roots and then transported to leaf sheaths
(Fig. 2). During the sampling period, the level of 4-FPA in
plant leaf sheaths was highest (approximately 69.0 ug g™* fresh
weight) 1 d posttreatment, decreasing to approximately 15.5%
by day 7 (Fig. 24). Moreover, 4-FPA was immediately con-
verted into its metabolite, 4-fluorophenol (4-FP), within the
plant, with similar metabolic dynamics as 4-FPA (Fig. 2B and S/
Appendix, Fig. S3); however, 4-FP accumulated at lower con-
centrations in plants, being only approximately 22.5% 1 d
postexposure compared to 4-FPA accumulation in leaf sheaths
(Fig. 2B). WBPH infestation did not influence the absorption,
transport, or conversion of 4-FPA by the plants (Fig. 2 4
and B).

Four-FPA Treatment Alters Levels of H,0, and Flavonoids. Since JA,
JA-Ile, SA, and ET play important roles in the defense response
in plants, including rice (22, 23), we investigated the effects of
4-FPA treatment on levels of these defense-related signals in
rice. Contrary to our initial expectation, 4-FPA treatment did not
influence basal and WBPH nymph-induced levels of JA, JA-Ile,
ethylene, and SA (SI Appendix, Fig. S4). To put forward alter-
native hypotheses regarding the mode of action of 4-FPA, we
analyzed transcriptional changes in plants following treatment
with 4-FPA. Differentially expressed genes (DEGs) were iden-
tified based on the criteria of absolute values of log, (fold
change) >1 and the P value <0.05. In total, we observed 1,133
DEGs, of which 811 were up-regulated and 322 down-regulated,
post 4-FPA treatment. To validate gene expression data, we
compared the expression profiles of treated and nontreated
plants using qRT-PCR. Of the 16 randomly selected genes, all
showed concordant fold differences between the types of anal-
yses (SI Appendix, Table S1), indicating that our results were
reliable. Genes related to the following three pathways were
most strongly up-regulated by 4-FPA: the auxin signaling path-
way, the H,O, generation and scavenging system, and the phe-
nylpropanoid pathway (SI Appendix, Table S2-S4). We thus
investigated levels of H,O,, peroxidases (PODs) that scavenge
H,O,, phenolic acids, flavonoids, and lignin in response to both
4-FPA and WBPH nymph infestation. Compared to control
plants, levels of PODs increased in both 4-FPA-treated and
4-FPA-treated nymph-infested plants (Fig. 34) while the levels
of H,O, decreased in these same treatments at 2 and 4 d, but did
not change at 0.5 to 1 h post WBPH infestation (Fig. 3B and
SI Appendix, Fig. S5). Interestingly, in contrast to the tran-
scriptomic data, the levels of most flavonoids (12 of the de-
tected 16 compounds) were reduced in both 4-FPA-treated and
4-FPA +nymph-infested plants compared to their correspond-
ing control plants (Fig. 3C). Four-FPA treatment did not in-
fluence levels of phenolic acids or lignin in the rice plants (SI
Appendix, Fig. S6).
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Fig. 1.

Four-FPA inhibits root growth and reduces the survival rate of WBPH nymphs. (A and B) Mean survival rate (+SE, n = 8) of 15 newly hatched WBPH

nymphs fed on plants that had been grown in nutrient solution with 0 to 5 mg L™" 4-FPA for 12 h (A); or that had been sprayed with 4 mL of 0 to 100 mg L™
4-FPA for 12 h (B); 1 to 8 d after exposure. (C) Growth phenotypes of plants grown in nutrient solution containing 0 to 5 mg L~" 4-FPA for 10 d. (D and E) Mean
root mass (+SE, n = 15) (D); and root length (+SE, n = 15) (E) of plants grown in nutrient solution containing 0 to 5 mg L~" 4-FPA for 10 d. Asterisks indicate
significant differences between treatments and controls (*P < 0.05, **P < 0.01, Duncan’s multiple range test). Upper indicates treatment methods of 4-FPA

and its structure.

Four-FPA Induces the Deposition of Phenolic Polymers. PODs can
consume H,0, to produce phenolic polymers from flavonoids
(26). As we observed an increase in POD levels together with a
decrease in H,O, and a decrease in flavonoids in 4-FPA-treated
plants (Fig. 3), we hypothesized that 4-FPA treatment may in-
duce the formation of phenolic polymers. Confocal fluorescence
microscopy revealed the presence of phenolic polymer de-
position in parenchyma cells of leaf sheaths 1.5 d post 4-FPA
treatment, with high levels of deposition in the parenchyma 4.5 d
posttreatment (Fig. 44). WBPH nymph infestation did not in-
fluence this pattern (Fig. 4B). In vitro experiments were carried
out to elucidate the potential involvement of 4-FP, flavonoids,

Wang et al.

H,0,, and PODs in the formation of the polymers. Two flavo-
noids, naringenin and quercitrin, were selected as representative
flavonoids, as their free form was most strongly suppressed in
4-FPA-treated plants. In the presence of H,O, and POD, neither
the addition of naringenin nor quercitrin resulted in particle de-
position; however, when 4-FP was present, the presence of both
flavonoids resulted in substantial particle formation (SI Appendix,
Fig. S7). Four-FP together with H,O, and POD also formed
particles, but to a much smaller extent than when added together
with the flavonoids (SI Appendix, Fig. S7). When H,O, or POD
was absent, no deposition was observed. These data indicate that
the polymers found in parenchyma cells of 4-FPA-treated plants
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Four-FPA can be absorbed by rice plants and is immediately converted into 4-FP. (Top) Mean levels (+SE, n = 5) of 4-FPA (A) and 4-FP (B) in plant leaf

sheaths at 0, 1, 4, and 7 d after growing in nutrient solution containing 5 mg L™" 4-FPA (4-FPA-R) or 5 mg L™" 4-FPA and simultaneously infested with 20 third
instar WBPH (4-FPA-R+NP). (Middle) Mass spectra of 4-FPA (Left) and 4-FP (Right) standards. (Lower) Mass spectra of 4-FPA (Left) and 4-FP (Right) in samples.

are the result of flavonoid polymerization that is triggered by 4-FP
and involves H,O, and PODs.

Four-FPA Inhibits Penetration and Feeding by Planthoppers. WBPH
is a piercing and sucking herbivore abstracting phloem sap from
the leaf sheaths and main leaf veins, while vectoring plant dis-
eases. We hypothesize that the deposition of 4-FPA-induced
phenolic polymers will inhibit WBPH stylet penetration into the
phloem cells and thus interfere with feeding. To test this hy-
pothesis, we first used an electrical penetration graph (EPG) to
record the feeding behavior of newly emerged WBPH females
on rice plants that had been grown in nutrient solution con-
taining 4-FPA (at 5 mg mL™") for 4.5 d, the time taken for
phenolic polymers to form (Fig. 44). We were able to distinguish
five main phases of WBPH feeding (Fig. 4C, Upper). Four-FPA
treatment significantly increased the time spent by gravid fe-
males in the nonpenetration (NP) and the pathway phase (PP),
but significantly decreased time spent in phloem intracellular
activity (N4-a), the ingestion phase (N4-b) and the xylem phase
(N5) (Fig. 4C, Lower), suggesting reduced feeding activity. In
support of this interpretation, 4-FPA treatment consistently and
significantly reduced the amount of honeydew excreted by the
females, again indicative of reduced food intake (Fig. 4D). These
data support our hypothesis that 4-FPA treatment reduces the
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capacity of WBPH to reach the phloem and thus reduces food
intake, and, by consequence, WBPH survival and fecundity.

To investigate whether 4-FPA-induced deposition of phenolic
polymers also interferes with oviposition, egg deposition was
investigated. While egg deposition by newly emerged females
over a period of 8 d was significantly lower on 4-FPA-treated
(5 mg mL™! for 4.5 d) compared to control plants (Fig. 4E, Left),
there was no difference in the number of eggs laid by WBPH
gravid females between the treated and control plants (Fig. 4E,
Right) over the first 12 h. This finding suggests that the decrease
in the number of eggs laid over the 8-d period on 4-FPA-treated
plants is primarily due to reduced food intake by WBPH female
adults compared to those on control plants and not due to dif-
ficulties in inserting the ovipositor into plant tissues.

Four-FPA Enhances Plant Resistance to Other Sucking Insects. To
investigate whether 4-FPA is also effective in other cereals and
against other piercing-sucking insect pests, we investigated its
effect on resistance of rice, barley, and wheat to BPH, SBPH, the
English grain aphid (EGA; Sitobion avenae) and the bird cherry-
oat aphid (BCA; Rhopalosiphum padi). Similar to WBPH
nymphs, survival of all selected herbivore species on the different
crop plants was significantly reduced (Fig. 5), suggesting that
4-FPA provides broad-spectrum resistance in cereals.

Wang et al.
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Exogenous application of 4-FPA influences levels of PODs, H,0,, and flavonoids in rice. Mean levels (+SE, n = 5 to 6) of PODs (A); H,0, (B); and

flavonoids (C) in plants at 2 and/or 4 d post the following treatments: W-NP, 4-FPA-R, 4-FPA-R+W-NP, and control (Con). Details of treatments are described in
Methods. LLD, lower limit of detection; e7g, eriodictyol 7-O-glucoside; a5g, apigenin 5-O-glucoside; 17g, luteolin 7-O-glucoside. Letters indicate significant

differences among treatments (P < 0.05; Duncan’s multiple range test).

Four-FPA Reduces the Density of WBPH Populations in the Field. To
determine the potential of 4-FPA to protect crops against her-
bivore pests, a series of glasshouse and field experiments were
carried out. Glasshouse studies of 40-d-old soil-grown plants
showed that when applied as a spray, 2% 4-FPA sodium salt
aqueous solution (AS) was highly effective at inducing the de-
position of phenolic polymers and suppressing WBPH survival
(SI Appendix, Fig. S8). These studies were extended to the field
in 2015, 2016, and 2019 using 12, 8, and 8 blocks, respectively
(each of 7m X 7 m), as detalled in SI Appendi, Table S6. In the
field, formulations of 50 mg L™ and 100 mg L™ 4-FPA sodium
salt AS was effective at controlling WBPH populations. Treat-
ment reduced the population by 46 to 54% and 64 to 68%, re-
spectively, in 2015 over a 2-wk period; in 2016, the control effect
of a 200 mg L' 4-FPA sodium salt AS on the total WBPH
population was in the range of 49 to 60% after 4 wk (Fig. 64).
Similar to our laboratory experiments, 4-FPA sodium salt AS
had the greatest effect on younger WBPH nymphs within 2 wk,
causing a population reduction of approximately 59 to 65% (50
ppm) and 67 to 87% (100 ppm) in 2015 and 68 to 71% (200
ppm) in 2016 (Fig. 64). Four-FPA showed no harmful effects to
spiders (SI Appendix, Fig. S9), which represent major predatory
natural enemies of insect pests of rice.

Finally we investigated the effects of 4-FPA on rice growth and
yield in the field. In 2015, application levels of 50 and 100 mg L™"
4-FPA had no effect on plant growth (Fig. 6B, Left). In 2016,
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when applied at a much higher concentration (200 mg L™ 4-
FPA) a small but significant reduction in plant growth was ob-
served compared to control plants 7 d after the application of
4-FPA (Fig. 6B, Right). However, after 20 d the 4-FPA-treated
plants had recovered and grew better than control plants
(Fig. 6B, Right). Rice yield measurements revealed that all of the
4-FPA treatments increased the seed setting rate and yield per
plant both in 2015 and 2016. No difference was observed in other
yield parameters (Fig. 6C and SI Appendix, Fig. S10). Further-
more, no difference in yield between control and 4-FPA-treated
plants was observed when plants were treated with the in-
secticide pymetrozine, suggesting that 4-FPA increases yield by
suppressing insect damage (S Appendix, Fig. S11). Thus, 4-FPA
treatment reduces herbivore abundance and increases rice yield.

Discussion

Chemical elicitors that boost plant innate immunity and plant
defenses are widely regarded as promising tools for plant pro-
tection and sustainable agriculture. Yet, most chemical elicitors
reported so far are either analogs of stress hormones or com-
pounds that enhance stress hormone signaling. Possibly because
of the negative effects of defense induction on plant growth,
benefits of chemical elicitors against herbivores have rarely been
demonstrated in the field. Here, we report on a mechanism by
which a chemical elicitor enhances insect resistance. Instead of
boosting defense signaling, 4-FPA directly triggers the deposition
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Fig. 4. Four-FPA induces deposition of phenolic polymers in parenchyma cells of rice and impairs the feeding capacity of WBPH female adults. (A) Fluorescence images
of cross-sections of leaf sheaths of rice plants at 0 to 4.5 d after growing in nutrient solution containing 5 mg L™". (B) Fluorescence images of cross-sections of leaf sheaths
of rice plants at 4.5 d after receiving the following treatments: W-NP, 4-FPA-R, 4-FPA-R+W-NP, and control (Con). Details of treatments are described in Methods. Sections
were stained with safranine and fast green. High red fluorescence intensity corresponds to high phenolic polymer content. Yellow arrows indicate polymer particles.
(Scale bars, 20 um.) (C) Typical image of EPG waveforms generated by WBPH female adults showing the feeding behavior (Upper) and mean duration (+SE, n = 15 to 20)
of the different feeding phases on control (Con) or 4-FPA-R (grown in nutrient solution containing 5 mg L=" 4-FPA for 4.5 d) rice plants (Lower). NP, nonpenetration; PP,
pathway phase (N1 + N2 + N3), which is described in detail in Methods; N4-a, intracellular activity in the phloem region; N4-b, phloem sap ingestion; N5, xylem phase.
EPGs were recorded for 6 h per insect. (D) Mean weight (+SE, n = 20) of honeydew excreted by a WBPH female adult feeding on control (Con) or 4-FPA-R (for 4.5 d) rice
plants. (E) Mean number (+SE, n = 20) of eggs laid by a newly emerged female adult (Left) for 8 d or 15 gravid female adults (Right) for 12 h on control or 4-FPA-R (for
4.5 d) rice plants. Asterisks indicate significant differences between treatments and controls (*P < 0.05, **P < 0.01; Student's t tests).
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of phenolic polymers. This phenomenon is associated with re-
duced survival of piercing-sucking insects and increased rice
yield in a 2-y field trial. Below, we discuss the mode of action of
4-FPA together with the potential of this elicitor to be employed
for sustainable agriculture.

Using a custom chemical screening procedure, we previously
identified 4-FPA as a compound that renders rice plants less
attractive to WBPH (25). Here, we demonstrate that 4-FPA, a
phenoxyalkanoic acid derivative, exhibiting structural similarity
with 2,4-D and auxin, can induce resistance in plants to piercing
and sucking insects. We propose that the increase in resistance is
due to the increased deposition of phenolic polymers in paren-
chyma cells of plants, which impairs feeding of these insect pests.
Like its chemical analogs auxin and 2,4-D, 4-FPA is easily
absorbed by rice roots, translocated throughout the plant, and
rapidly degraded into 4-FP (Fig. 2). Moreover, 4-FPA treatment
also enhances the levels of 25 POD gene transcripts (SI Appen-
dix, Table S3), the activity of PODs (Fig. 34), and the transcript
levels of most genes related to the H,O,-generating system (S/
Appendix, Table S3), although the H,O, level in 4-FPA-treated
plants was only approximately 50% of that of control plants at
2 d after 4-FPA treatment (Fig. 3B). In agreement with previous
studies (26-29), we show in vitro that PODs and H,O, are able
to catalyze the deposition of phenolic polymers (SI Appendix,
Fig. S7), supporting our hypothesis that the observed deposition
of phenolic polymers in 4-FPA-treated plants was related to the
induction of PODs and H,0, by 4-FPA. Similar results were
reported by Graham and Graham (30) who found that a cell wall
glucan elicitor from Phytophthora megasperma could induce
rapid and massive accumulation of phenolic polymers in soybean
cotyledon cells accompanied by large increases in activity of a
specific group of peroxidases. This mechanism may also explain
the discrepancy between the H,O, level and the transcript levels
of H,O,-generating-related genes in 4-FPA-treated plants:
4-FPA induced the production of H,0, by enhancing the
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expression of H,O,-generating-related genes, whereas the de-
position of phenolic polymers requires H,O, (26, 27).

Transcriptome analysis revealed that 4-FPA treatment up-
regulated transcript levels of most genes related to the phenyl-
propanoid pathway (SI Appendix, Table S4), and in particular
those relating to the biosynthesis of phenylpropanoid com-
pounds, such as flavonoids, phenolic acids, and lignin (31, 32).
However, in contrast to the transcriptome data, the levels of
most flavonoids decreased, while the levels of phenolic acids and
lignin did not change either in 4-FPA-treated or 4-FPA+WBPH
nymph-infested plants (Fig. 3C and SI Appendix, Fig. S6). The
finding that both the 4-FPA metabolite, 4-FP, and selected fla-
vonoids participate in the formation of phenolic polymers in
the presence of POD and H,O, (SI Appendix, Fig. S7) leads us
to propose that phenolic polymer deposition observed in
4-FPA-treated plants involves a complex biomolecular network,
including different phenolic substrates, such as 4-FP and flavo-
noids, and different types of linkages between phenolic units, as
seen in lignin (33, 34). Our conclusion is further supported by the
findings that levels of 4-FP decreased rapidly in plants and that
levels of most flavonoids in 4-FPA-treated plants were signifi-
cantly lower than those in their control plants, although transcript
levels of their biosynthesis-related genes were significantly higher
in the former than in the latter (Figs. 2B and 3C and SI Appendix,
Table S4); clearly there is a need to elucidate the chemical com-
position of this polymer in future studies.

We show that 4-FPA treatment of rice, barley, and wheat
plants significantly reduced the survival of nymphs of piercing
and sucking herbivores, including planthoppers (WBPH, BPH,
and SBPH) and aphids (EGA and BCA) and propose that this
observed resistance is primarily due to 4-FPA-induced phenolic
polymer deposition and not due to direct toxicity of 4-FPA per
se. Several lines of evidence support our hypothesis. First, 4-FPA
(SI Appendix, Fig. S1) and its metabolite 4-FP (SI Appendix, Fig.
S124) have no direct contact and/or acute toxicity on WBPH
nymphs following ingestion, and 4-FP treatment did not induce
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Fig. 6. Application of 4-FPA decreases the population density of WBPH and increases rice yields in the field. (A) Mean planthopper control effect (+SE, n = 3)
of 4-FPA at different concentrations ranging from 50 to 200 mg L™! on WBPH in 2015 (Upper) and 2016 (Lower). Four-FPA was sprayed on July 15 and July 12,
respectively, in 2015 and 2016. (B) Growth phenotype of rice plants 7 and 20 d postspraying of 4-FPA at concentrations of 50 and 100 mg L™" in 2015 (Left) and
200 mg L™"in 2016 (Right). (C) Mean seed setting rate and yield of rice seed per plant (+SE, n = 3) of plants that were sprayed with different concentrations of
4-FPA in 2015 (Left) and 2016 (Right). Letters indicate significant differences among treatments (P < 0.05; Duncan’s multiple range test). Asterisks indicate
significant differences between treatments and controls (*P < 0.05, **P < 0.01; Student'’s t tests).

resistance of rice to WBPH nymphs (SI Appendix, Fig. S12B),
suggesting that 4-FPA plays an important role in inducing de-
fense. Second, JA, JA-Ile, SA, ET, and H,0, signaling have all
been reported to play a key role in regulating resistance of rice to
planthoppers (13, 22, 23). In this study, we did not find any in-
fluence of 4-FPA treatment on either basal or WBPH nymph-
induced levels of JA, JA-Ile, SA, and ET, although H,O, was
reduced by 4-FPA treatment (SI Appendix, Fig. S4 and Fig. 3B).
Four-FPA treatment also had no effect on the levels of phenolic
acids and lignin (SI Appendix, Fig. S6), but did enhance levels of
amino acids (SI Appendix, Table S5) and decrease most flavo-
noid levels (Fig. 3C), both of which have been shown to influence
planthopper performance on rice (35-37). Furthermore, meth-
anol extracts of 4-FPA-treated plants had no harmful effects on

12024 | www.pnas.org/cgi/doi/10.1073/pnas.2003742117

WBPH nymphs compared to those from control plants (SI Ap-
pendix, Fig. S13). These findings suggest that both 4-FPA and
4-FP themselves, as well as their induced compounds, did not
play an important role in the 4-FPA-induced resistance of rice to
planthoppers but rather induces the observed defense. Third, the
time when nymph mortality was greatest on the 4-FPA-treated
plants (Fig. 1.4 and B) directly corresponded with the time when
large amounts of phenolic polymers were being deposited
(Fig. 44). Fourth, our data not only showed that WBPH females
spent longer in the nonpenetration and the pathway phase, and a
shorter time in phloem intracellular activity and the ingestion
phase on 4-FPA-treated plants (Fig. 4C, Lower), but also ex-
creted lower amounts of honeydew, an indicator of reduced food
intake (Fig. 4D). Planthoppers are piercing and sucking insects
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feeding on phloem sap. Before abstracting the phloem sap they
need to insert their stylets into vascular tissues by passing
through parenchymal cells and will sample cell sap during this
process. Since the stylet diameter of WBPH is about 2 pm and
since the diameter of the induced phenolic polymer particles in
4-FPA-treated plants ranges from 1 to 5 pm (Fig. 4 4 and B), it is
highly likely that these phenolic polymers physically prevent the
stylets from reaching the phloem and may also block the stylet
itself, thereby decreasing food intake. Finally, 4-FPA-induced
rice resistance was effective toward three different species of
planthopper all of which exhibit different levels of sensitivity to
different host-plant resistance mechanisms in rice (20), sug-
gesting the possibility that other factors beyond chemicals play a
pivotal role. These data, taken together, strongly suggest that
4-FPA-induced phenolic polymer deposition plays a central role
in the 4-FPA-mediated resistance in plants to piercing and
sucking insects by physically inhibiting the access of stylets to
phloem and/or by blocking up the food canal.

As mentioned above, relatively few studies have investigated
the potential of chemical elicitors in increasing host-plant re-
sistance to herbivorous insects in the field, and even fewer
studies have reported yield benefits, potentially because of the
negative effects of many elicitors on plant growth. Here, we
demonstrate that application of 4-FPA sodium salt AS in the
field (ranging from 37.5 to 150 g per hectare) conferred effective
control against WBPH: reducing population density of WBPH by
46 to 68% within 2 wk compared to that in the control field.
Importantly, application of 4-FPA was not harmful to natural
enemies of herbivores (SI Appendix, Fig. S9), most likely due to
the fact that they do not share the same mode of feeding as
planthoppers. We also found that 4-FPA-induced plant re-
sistance is effective toward two other species of planthopper
(BPH and SBPH) and two species of aphid (EGA and BCA) in
the laboratory, and given the efficacy of this strategy toward
controlling WBPH in the field, it is likely to be equally effective
toward these other species of sap-sucking insect pests in the field,
all of which are major pests. Although 4-FPA negatively affects
plant growth in the laboratory (Fig. 1C-E) and early growth
stages in the field (Fig. 6B), we show that the field-grown plants
not only recover, but also produce significantly higher yields to
that of control plants (Fig. 6C). The enhancement of resistance
by 4-FPA was independent of the rice genotype (SI Appendix,
Fig. S14). Four-FPA is a commercially used herbicide of low
environmental toxicity. Thus, it is a promising chemical elicitor
for the commercial control of piercing and sucking insect pests in
crop production.

In summary, we propose the following model: 4-FPA can be
absorbed by plants and then is immediately converted into 4-FP.
Four-FPA alone, or together with its metabolite 4-FP, induce the
production of H,O,, PODs, and flavonoids. PODs then catalyze
4-FP and flavonoids, using H,O,, as electron acceptors to form
phenolic polymers in the parenchyma cells, which we hypothe-
size, inhibits the planthopper’s stylet from reaching the phloem
and simultaneously blocks the food canal, thereby impairing
feeding and significantly decreasing survival (Fig. 7). These
findings open pathways for controlling piercing and sucking
herbivores, many of which are important vectors of plant disease,
by designing and exploiting chemical elicitors that have similar
modes of action to 4-FPA.

Methods

Plant Growth. Rice genotypes used in this study were Xiushui 110, TN1,
Babawee, and Tianfeng, all of which are susceptible to BPH and WBPH;
Xiushui 110 is a japonica rice variety while the other three varieties are indica
rice varieties. Pregerminated seeds of the different lines were cultured in
plastic bottles (diameter 8 cm, height 10 cm) in a glasshouse (28 + 2 °C, 14 h
light phase). Ten-day-old seedlings were transferred to 20-L hydroponic
boxes filled with rice nutrient solution (38) and after 25 d individually
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Fig. 7. Proposed model demonstrating the mode of action of 4-FPA in in-
ducing the observed resistance of plants to piercing and sucking herbivores.
Four-FPA can be absorbed by plants and is then immediately converted into
4-FP. Four-FPA alone or together with 4-FP induce the production of H,0,,
peroxidases (PODs), and flavonoids. Four-FP and flavonoids are then cata-
lyzed by PODs to form polymers using H,O, as electron acceptors. Phenolic
polymers in the parenchyma cells may inhibit the stylets of piercing and
sucking from reaching the phloem sap in the plant sieve elements and/or
may block the esophagus in the stylets, and hence inhibit feeding thus de-
creasing performance and survival of piercing and sucking herbivores.

transferred into opaque 400-mL hydroponic plastic pots. Plants were used
for experiments 4 to 5 d posttransplanting.

Barley (Hordeum vulgare) and wheat (Triticum aestivum) genotypes used
in this study were Eunova and Bobwhite. Seeds were pregerminated, and
seedlings were individually cultured in 200-mL plastic pots (11 cm depth and
4 cm diameter) and fed with nutrient solution (39). Two-week-old seedlings
were used for experiments.

Insects. Colonies of BPH, WBPH, and SBPH were originally obtained from rice
fields in Hangzhou, China and subsequently maintained on TNI rice seedlings
in a controlled climate room at 26 + 2 °C, 12 h light phase, and 80% relative
humidity for at least 30 generations prior to use.

Colonies of EGA (S. avenae) and BCA (R. padi) were reared on barley
seedlings in a growth chamber at 24 + 2 °C with 16 h light phase.

Plant Treatment. For 4-FPA treatment, two different methods were used: root
treatment and spray treatment. For 4-FPA-R, plants were grown in nutrient
solution, and 4-FPA was added (first dissolved in acetone, 200 mg per mL of
acetone) to give final concentrations ranging from 0.5 to 5 mg L™' (see
details for different experiments below). Control (Con) plants were grown in
control nutrient solution (without 4-FPA but with the same volume of ace-
tone as in treatments). For 4-FPA-S, 4-FPA was dissolved in acetone (200 mg
per mL of acetone) and diluted in distilled water to give a range of con-
centrations (5 to 100 mg L™"). Each plant (above-ground part) was sprayed
with 4 mL of 4-FPA using an atomizer; control plants were sprayed with 4 mL
of distilled water containing the same volume of acetone as in treatments.
For 4-FP-R, we used the same method as stated above, with a final con-
centration of 4-FP in nutrient solution of 5 mg L~"; control plants (Con) were
grown in control nutrient solution. For W-NP treatment, plants were in-
dividually confined in a glass cage (diameter 4 cm, height 8 cm; with 48 small
holes [diameter 0.8 mm]) into which 20 third instar nymphs of WBPH were
released. Plants with an empty cage were used as controls (noninfested).

Quantification of 4-FPA and 4-FP in Plants. As the side chain of 2,4-D can be
oxidized to yield 2,4-dichlorophenol in plants (40), we investigated the
change in levels of 4-FPA and 4-FP in plants with the following treatments: 1)
plants were first grown in nutrient solution with 4-FPA at a concentration of
5mg L~" for 1 d and then transferred to nutrient solution without 4-FPA; 2)
plants were grown in nutrient solution with 4-FPA at a concentration of
5 mg L™" and simultaneously each plant was infested with 20x third instar
W-NP using the same method as stated above; 1 d later, these plants were
transferred to nutrient solution without 4-FPA. Leaf sheaths from individual
plants were harvested for chemical analysis at 0, 1, 4, and 7 d after the start
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of 4-FPA treatment; leaf sheaths harvested at 0 d were used as controls.
Four-FPA and 4-FP were analyzed using a method as described in S/ Ap-
pendix, SI Materials and Methods.

Bioassays: Controlled Environmental Conditions.

Herbivore performance on plants treated with 4-FPA or 4-FP. To investigate the
effect of 4-FPA or 4-FP treatment on the survival rate of nymphs of WBPH,
BPH, SBPH, EGA, or BCA, 15 (planthopper) or 10 (aphid) neonates were
allowed to feed on individual 4-FPA-R plants (rice, barley, or wheat) (grown
in nutrient solution with different concentrations of 4-FPA for 12 h), 4-FPA-S
plants (sprayed with different concentrations of 4-FPA for 12 h), or 4-FP-R
plants (grown in nutrient solution with 5 mg L™ 4-FP for 12 h) and their
corresponding control plants (see details in Figs. 1 and 5 and S/ Appendix,
Fig. $12). Nymph survival per plant was recorded daily for 6 to 9 d (6 d for
aphids; 8 to 9 d for planthoppers) postplant infestation. Eight replicates
were carried out per treatment for each of the different herbivore species.

To assess the effect of 4-FPA treatment on WBPH feeding, a newly
emerged female adult was placed into a small parafilm bag (6 x 5 cm) at-
tached to the leaf sheath of a 4-FPA-R plant (grown in nutrient solution with
5 mg L™ 4-FPA for 4.5 d) or a control plant. After feeding for 24 h, the
amount of honeydew excreted by the female adult was weighed. Twenty
replicates were carried out per treatment (n = 20).

The effect of 4-FPA treatment on fecundity and oviposition behavior of
WBPH female adults was also investigated. Four-FPA-R (grown in nutrient
solution with 5 mg L™" 4-FPA for 4.5 d) or control plants were individually
confined within the glass cylinders into which a newly emerged WBPH fe-
male adult and a male adult were released and allowed to lay eggs for 8 d or
into which 15 gravid WBPH female adults were released and allowed to lay
eggs for 12 h. The number of eggs laid by female adults on each plant was
counted using a microscope. Twenty and 10 replicates per treatment were
carried out for the first (a pair of female and male adults) and second (15
gravid females) study, respectively.

Direct effect of 4-FPA or 4-FP on the survival of WBPH. To detect direct effects of
4-FPA and its metabolite 4-FP on the survival rate of neonate WBPH nymphs,
contact and/or stomach poisoning toxicity of 4-FPA, and 4-FP were measured
using the method as described in S/ Appendix, SI Materials and Methods.
Effect of 4-FPA on plant growth. To investigate the effect of 4-FPA treatment on
plant growth, plants were grown in nutrient solution at final concentrations
ranging from 0.5 to 5 mg L™" (see details in Fig. 1). Control plants were grown
in control nutrient solution (without 4-FPA but with the same volume of
acetone as in treatments). Ten days later, plants were photographed and
plant height, root length, and the mass of above- and below-ground tissues
were measured.

Effect of rice variety on 4-FPA-mediated plant defenses. Survival rates of ne-
onate WBPH were investigated on 4-FPA-R (grown in nutrient solution with
5mg L~" 4-FPA for 12 h) and control plants of varieties XS110, Tianfeng, TN1,
and Babawee. The number of nymphs surviving on each plant was recorded
daily for 8 d. Eight replicates were carried out per treatment.

Effect of extracts of 4-FPA-R plants on WBPH survival. To detect effects on the
survival rate of WBPH nymphs due to chemicals in rice plants induced by
4-FPA, 15 second instar WBPH nymphs were fed on artificial diet containing
the methanol extract of 4-FPA-treated plants in a 30-mL double-ended open
glass cylinder (diameter 2 cm, length 9 cm) as described (41); controls were
fed on artificial diet containing the methanol extract from control plants.
Ten replicates per treatment were carried out. The number of surviv-
ing nymphs was recorded daily. The methanol extract of 4-FPA-treated or
control plants was prepared as described in S/ Appendix, S| Materials
and Methods.

EPG recording of WBPH feeding behavior. The feeding behavior of individual
newly emerged WBPH adult females on 4-FPA-R plants (5 mg mL™" for 4.5 d)
or control plants was monitored for 6 h using an EPG as previously described
(42). For each treatment, 15 to 20 females (replications) were performed.
The signals recorded were analyzed using PROBE version 3.4 software
(Wageningen Agricultural University). The output signals from EPG record-
ings were classified into five typical waveforms (43), including NP for non-
penetration, PP (N1 + N2 + N3) for the pathway phase (including penetration
initiation [N1], salivation and stylet movement [N2], and extracellular activity
near the phloem [N3]), N4-a for intracellular activity in the phloem, N4-b for
phloem sap ingestion, and N5 for the xylem phase. The durations of each
sequential waveform event for each insect were measured, and the average
waveform duration per insect (in minutes) for each waveform was calculated
for each treatment (42). Each treatment was replicated 15 to 20 times.

Bioassays: Glasshouse Studies. To investigate the effect of 4-FPA on the
survival rate of WBPH nymphs in the greenhouse, 20-d-old hydroponically
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grown seedlings were individually transplanted into opaque 400-mL plastic
pots with soil that was obtained from rice fields in Hangzhou, China. After
20 d, plants were individually sprayed with 4 mL of 2% 4-FPA sodium salt AS
(prepared in H,O/alkyl polyglycoside/isopropanol/NaOH and the final com-
ponents of this solution were 2% 4-FPA, 0.46% NaOH, 10% alkyl polyglyco-
side, 5% isopropanol, and 82.54% H,0) at a concentration of 50 mg L
control plants were sprayed with 4 mL of water without 4-FPA sodium salt but
with the same volumes of other components as in treatments. Twelve hours
postspraying, each plant was infested with 15 neonates (as above) and the
number of nymphs surviving on each plant was recorded daily for 8 d. Each
treatment was replicated 10 times. In addition, leaf sheathes of plants that had
been sprayed with 4-FPA sodium salt for 4.5 or 7 d, were harvested for paraffin
sections and histochemical staining, as described below (seven replicates/
treatment).

Bioassays: Field Studies. To evaluate the control efficiency of 4-FPA on WBPH
in the field, studies were carried out in Kaihua, Zhejiang, China from June to
October in 2015 and 2016. The field plot was divided into 12 blocks (7 m x 7
m) in 2015 or 8 blocks (7 m x 7 m) in 2016, and each block was surrounded by
a 1-m rice buffer zone. A total of 2% 4-FPA sodium salt AS was diluted to
specific concentrations and sprayed on the above-ground parts of rice plants
using a backpack sprayer at 18 to 22 d (at the tillering stage) after trans-
planting (S/ Appendix, Table S6) (each block was sprayed with 3,700 mL of
4-FPA solution or water). In the plot, three treatments (spraying with
50 mg L™ of 4-FPA sodium salt, 100 mg L~" of 4-FPA sodium salt, or water
[control]) in 2015 and two treatments (spraying with 200 mg L' of 4-FPA
sodium salt or water) in 2016 were randomly assigned to 12 or 8 blocks, each
treatment with four independent replicate blocks. Rice varieties used were
Chunyou 84 in 2015 and Yongyou 15 in 2016, respectively. In general, in
Zhejiang province, the main piercing and sucking insect pests in rice fields
are BPH and WBPH (20). However, during the field experiments in 2015 and
2016, only the WBPH population reached a sufficiently high density (desig-
nated “intermediate density”), while the density of the BPH population was
low. Therefore, we only performed field experiments for WBPH. The number
of young and late-stage nymphs, and adults of WBPH and the number of
predatory spiders in each block were recorded 1 d before and 7, 14, 21, and
30 d postapplication of 4-FPA by randomly sampling 15 hills of plants in each
block using the following method: WBPHs and spiders on above-ground
parts of each hill of plants were collected into a plastic tray (length 45 cm x
width 33 cm x depth 0.8 cm) by softly tapping plants and then they were
counted. Based on these data, the control efficiency of 4-FPA on WBPH and
its effect on predatory spiders were calculated. To measure the effect of
4-FPA on rice yield, 10 hills of completely mature plants in each block were
harvested and the number of panicles per hill, number of grains per panicle,
seed setting rate, 1,000 seed weight, and seed yield per plant were recorded.

To evaluate the direct effect of 4-FPA on rice yields in the field in the
absence of WBPH, we performed additional field studies in Kaihua, Zhejiang,
China from June to October in 2019. The field plot was divided into eight
blocks (7 m x 7 m), and each block was surrounded by a 1-m rice buffer zone.
Two treatments (spraying with 100 mg L™" of 4-FPA sodium salt plus
833 mg L™ of 50% pymetrozine [Syngenta; used for controlling WBPH] or
spraying with 833 mg L™' 50% pymetrozine; each block was sprayed with
3,700 mL solution) were randomly assigned to eight blocks, each treatment
with four independent replicate blocks. The rice variety used was Yongyou
15. The investigation on the direct effect of 4-FPA on rice yield was carried
out using the same method as described above. Management measurements
for rice growth in the field, including the amount, times, and names of
fertilizers and pesticides used in 2015, 2016, and 2019 are provided in S/
Appendix, Table S6.

Transcriptome Analysis. Plants were randomly assigned to 4-FPA-R (grown in
nutrient solution with 5 mg L™" 4-FPA for 1 d) and control groups. Five in-
dividual plants were harvested as biological replicates and three in-
dependent biological replicates were performed for each group. Total RNA
was isolated using the RNeasy Plant Mini Kit (Qiagen) according to the
manufacturer’s instructions. Construction of an Illumina library and se-
quencing on an llluminaHisEq. 2000 platform were conducted by Oebiotech
(Shanghai, China, https://www.oebiotech.com/). Data were analyzed as
described in ref. 44.

gRT-PCR. To confirm the results of the transcriptomic analyses, the expression
levels of 16 randomly selected genes (S/ Appendix, Table S7) were measured
in 4-FPA-R plants and control plants by qRT-PCR. Total RNA samples were
from samples used for transciptome analysis as stated above. For each total
RNA sample, 1 mg of RNA was reverse transcribed using the PrimeScript
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RT-PCR Kit (TaKaRa). gRT-PCR was carried out in a CFX96TM Real-Time
System (Bio-Rad) using iQ SYBR Green (Bio-Rad). Primers used for QRT-
PCR are listed in S/ Appendix, Table S7. Each gene was analyzed in three
biological replications. Gene expression levels were calculated using a
standard curve as previously described (45). The rice actin gene OsACTIN
(accession no. 0s03g50885) was used as an internal standard to normalize
cDNA concentrations.

JA, JA-lle, SA, and ET Analysis. Plants were randomly assigned to W-NP,
4-FPA-R, 4-FPA-R+W-NP, and control groups. For W-NP treatment, plants
were grown in control solution for 12 h, followed by infestation with 20
third instar WBPH for each plant as stated above. For 4-FPA-R treatment,
plants were grown in nutrient solution containing 5 mg L™" 4-FPA for 12 h,
with no infestation (each plant was confined with an empty cage). For 4-
FPA+W-NP treatment, plants were grown in nutrient solution containing
5 mg L™" 4-FPA for 12 h, followed by infestation with 20x third instar WBPH
per plant. For controls, plants were grown in control solution for 12 h, but
with no subsequent infestation. For JA, JA-lle, and SA analysis, leaf sheaths
from individual plants were harvested at 0.5, 1, 3, 8, and 24 h following the
start of WBPH infestation. Samples (about 100 mg each) were ground in
liquid nitrogen and JA, JA-lle, and SA were extracted with ethyl acetate
spiked with labeled internal standards ([*DglJA, [PDglJA-lle, and [2D4]SA) and then
analyzed by high performance liquid chromatography-mass spectrometry-mass
spectrometry (HPLC-MS-MS) as previously described (46). For ET, plants were
individually covered with sealed glass cylinders (diameter, 4 cm; height, 50 cm)
and ET production determined at 12, 24, and 48 h after the start of WBPH in-
festation as previously described (47). Six replicates were carried out for each
treatment at each time interval.

Hydrogen Peroxide Analysis. Plants were randomly assigned to W-NP, 4-FPA-R,
4-FPA-R+W-NP, and control groups as stated above. Leaf sheaths from in-
dividual plants were harvested 0.5 and 1 h as well as 2 and 4 d after the start
of nymph infestation. Samples (about 100 mg each) were ground in liquid
nitrogen and H,0, concentration determined using an Amplex Red Hydro-
gen Peroxide/Peroxidase Assay kit as described in ref. 48. Six replicates were
carried out for each treatment at each time interval.

POD Analysis. Plants were randomly assigned to W-NP, 4-FPA-R, 4-FPA-R+W-
NP, and control groups as above. Leaf sheaths from individual plants were
harvested 2 and 4 d after the start of nymph infestation. Samples (about
100 mg each) were ground in liquid nitrogen and 1 mL of 0.1 M potassium
phosphate buffer (pH 7.0) containing 5% insoluble polyvinylpolypyrrolidone
added to each. Samples were vortexed for 5 min and centrifuged (18,000 x
g) for 15 min at 4 °C, and the supernatants were collected. POD level was
determined by ELISA (ELISA Lab, Wuhan, China) according to the manu-
facturer’s instructions. For each treatment, five replicates were carried out.
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Acid, Flavonoid, and Lignin Analysis. Plants were randomly assigned
to W-NP, 4-FPA-R, 4-FPA-R+W-NP, and control groups, as above. Leaf sheaths
from individual plants were harvested 4 d after the start of nymph in-
festation. Totally, six phenolic acids, syringic acid, ferulic acid, caffeic acid,
cinnamic acid, gallic acid, and coumarice acid and 16 flavonoids, naringenin,
homoorientin, isovitexin, apigenin 5-O-glucoside (a5g), isoquercitrin, erio-
dictyol 7-O-glucoside (e79), prunin, astragalin, sakuranetin, cosmosiin, rutin,
luteolin, quercitrin, luteolin 7-O-glucoside (l7g), carlinoside, and neo-
schaftoside were analyzed. Phenolic acid, flavonoid, and lignin were
extracted and quantified using methods described in S/ Appendix, S| Materials
and Methods.

Lignin Localization by Laser Scanning Confocal Microscopy. Plants were ran-
domly assigned to W-NP, 4-FPA-R, 4-FPA-R+W-NP, and control groups, as
above. Leaf sheaths (about 2-cm length of the lower part) taken at different
time intervals after the start of treatment (see details in Fig. 4 and S/ Ap-
pendix, Fig. S8) were harvested, embedded in paraffin blocks, sectioned, and
stained with safranine and fast green as described in ref. 49. Lignin and
lignin-like polymers fluoresce red with safranine staining under green light
excitation. Cells were observed using laser scanning confocal microscopy
(LSCM). All treatments were replicated three times.

Polymerization Reaction of 4-FP and Flavonoids In Vitro. To elucidate the
potential involvement of 4-FP, flavonoids, H,0,, and PODs in the formation
of phenolic polymers, in vitro studies using a series of reaction systems (see
details in SI Appendix, Table S8) were carried out following the method as
described in S/ Appendix, SI Materials and Methods.

Data Analysis. Differences in the levels of JA, JA-lle, SA, ET, H,O,, phenolic
compounds, and POD for different treatments were analyzed by one-way
ANOVAs. In the case of significant treatment effects (P < 0.05), Duncan'’s
multiple range tests were used to test for significant differences between
the groups. Differences in experiments involving two treatments were de-
termined by Student’s t test. All tests were carried out with Statistica 6
(Statistica, SAS Institute Inc.).

Data Availability. The RNA-seq data have been deposited in Sequence Read
Archive (SRA) with accession no. SRP162374. All other data supporting the
findings of this study are available within the article and its S/ Appendix.
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